1. In the first part the spring gun is cocked and the cart allowed to roll down the incline. When the ball is fired, does the ball fall back onto the cart? 2. The cart can also be projected up the incline and the gun fired. Does the ball fall back onto the cart? If the cart is pushed up the incline, its direction can get reversed while the ball is in the air. Will the ball still land on the cart? 3. A similar experiment can be performed by attaching a long hook to the cart [ Fig. 1(b) ]. We hang a ball to the hook (using an electromagnet) so that it is exactly above the cart when the cart is in a horizontal position. When the cart passes the trigger, a switch turns off the magnet and the ball drops off the hook. Does the ball land on the cart?
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In order to perform the experiment, we first need to determine the initial values of the quantities that are needed for a quantitative treatment: the slope of the incline and the initial velocity of the ball (which depends on the spring constant of the gun, the way the spring is compressed, and the mass of the ball). We can do this by measuring the maximum height of the ball when it is shot from the horizontal cart. In our case that height was h = 0.62 m (we do not try to estimate the error); the initial velocity (v  ) is then v  = (2 gh) 1/2 = (2 • 9.8 m • s -2 • 0.62 m) 1/2 = 3.5 m/s, where g = 9.8 m • s -2 is the free-fall acceleration.
Observing the experiment: Using a camera we videotape the motions of the cart and the ball; we project the footage on a screen by showing a sequence of pictures in time intervals of A School Experiment in Kinematics: Shooting from a Ballistic Cart T. Kranjc and N. Razpet, Faculty of Education, University of Ljubljana M any physics textbooks start with kinematics. In the lab, students observe the motions, describe and make predictions, and get acquainted with basic kinematics quantities and their meaning. Then they can perform calculations and compare the results with experimental findings. In this paper we describe an experiment that is not often done, but is interesting and attractive to students-the ballistic cart, 1 i.e., the shooting of a ball from a cart moving along a slope. For that, one has to be familiar with onedimensional uniform motion and one-dimensional motion with constant acceleration, as well as curvilinear motion that is a combination of such motions. 1, 2 The experimental results confirm theoretical predictions.
Description of the experiment
We need a cart with a "gun" that shoots the ball perpendicular to the cart. (Thus, when the cart is in the horizontal position, the ball is shot up vertically.) The gun is fired when the cart passes a trigger next to the incline [ Fig. 1(a) ]. (An optical diode is attached to the cart. When the cart passes by the trigger, it interrupts the diode beam and fires the gun.)
The experiment has several parts so that students' progress and understanding can be continuously monitored and assessed: along the slope pointing down the incline, the y-axis is perpendicular to it, pointing upward, and j is the inclination angle. The origin is the position of the cart and the ball when the ball is shot (at t = 0). Obviously the cart always moves along the x-axis. Since both the cart and the ball undergo uniformly accelerated motion, all we have to know is the acceleration and the initial conditions. Note that in the chosen reference frame, the x-and y-components of the free-fall acceleration are g x = g sin j and g y = g cos j.
Since the acceleration and the initial conditions for the motion along the x-axis are the same for both the cart and the ball, it follows that their motions along the x-axis are exactly the same at all times. Therefore, in the perpendicular direction to the slope, the ball is always above the cart (Fig. 3) . Sooner or later the ball falls down; when it is at the same altitude as the cart, it lands on it (Figs. 2 and 3) .
Where and when does the ball land on the cart? It is shot from the gun at time t = 0 when its y-coordinate is 0. It lands on the cart at a later time t 1 , when its y-coordinate again equals 0. Using y = y 0 + v 0y t + ½a y t 2 , where y 0 = 0, v 0y = v , and a y = -g y = -g cos j, we obtain
The x-coordinate of the ball (and cart) at this instant can be found by applying x = x 0 + v 0x t + ½a x t 2 to the motion of the cart. Here
, and a x = g x = g sin j. Making the substitutions, we obtain, after some rearranging, Note that v 0 can be either a positive or a negative number depending on whether the cart is initially moving down (v 0 > 0) or up (v 0 < 0) the incline.
The case of the ball falling from the hook
As long as the ball is attached to the hook, it lies on a line perpendicular to the cart as the cart moves along the incline. Its velocity is equal to the velocity of the cart. From the moment it drops from the hook, the ball is in free fall with the initial velocity equal to the cart's velocity at that moment.
The time t d required for the ball to fall from the hook (a distance d from the cart) to the cart may be found using y = y 0 + v 0y t + ½ a y t 2 , with y = 0, y 0 = d, v 0y = 0, and a y =-g y = -g cos j. The result is
The x-coordinate of the ball (and cart) at this instant may be found, as above, by calculating how far the uniformly accelerated cart travels during the time the ball is in free fall. 1/25 s = 0.04 s. The cart moves along the slope and the ball's trajectory ends on the cart. Seeing successive pictures, we can draw on a whiteboard the successive positions of the cart and the ball (Fig. 2) . We estimate that the shape of the ball's trajectory is a parabola. We also establish how the ball moves with respect to the cart.
A qualitative and quantitative description of the motion of the cart and the ball
What can students say about the motion? We ignore the friction and air resistance and assume the moment of inertia of the cart's wheels to be negligible. We know that the motion of the cart is uniformly accelerated. 1,2 When the ball is projected, it acquires an additional velocity in the perpendicular direction, which does not influence the motion in the direction of the cart. After we shoot the ball, it is in free fall. We are interested in the component of its motion along the slope: this depends only on the component of the gravity parallel to the slope. The acceleration of the cart depends on this same component. Therefore the cart and the ball have the same motion in the direction of the slope (with the same initial velocity and the same acceleration). This means that the ball is at all times located on a line drawn perpendicular to the cart. So when it falls, it lands on the cart.
We want to draw attention to the "equipment" used in the experiment-it makes it easy to observe motions that would be difficult to measure with the help of a ruler and a stopwatch. Video camera includes a precise measurement of both displacements and time. In the past, without precise measuring devices, free fall motions as well as motions on inclines were difficult to measure accurately. 3, 4 Calculations: In dealing with mechanics problems, it is important to choose the coordinate system appropriately. We choose the coordinate system for which the x-axis lies ϕ Fig. 3 . In the perpendicular direction to the incline, the ball is always above the cart. This means that the cart and the ball always have the same x-coordinate, but have different y-coordinates.
The experiment and calculations Figure 4 shows the motion of the ball as determined from a videotape recording. Consecutive frames showing the cart and the ball were projected on a whiteboard on which we drew each position of the ball [ Fig. 4(a) ]. We then calculated the shape of the parabolic path using where X and Y are measured in the horizontal and vertical directions, respectively. The angle θ is the projection angle of the ball with respect to the X-axis, so θ = 90° -j. The X-component of the initial velocity of the ball, V 0X , is equal to v  sin j + v 0 cos j. We took v  = 3.5 m/s from our previous measurement, our measured value v 0 = 0.05 m/s, and the angle j = 12°. The calculated curve fits the drawn positions very well.
We repeated the experiment for cases in which the cart changed direction while the ball was in the air. Again, the experiment confirmed the calculations of the paths of the ball. 
Conclusion
In this experiment we studied the motion of a ball that is either shot from a gun on a cart or dropped from a hook attached to the cart. In both cases, regardless of the initial direction of the cart's movement and the initial velocities v 0 and v  , the ball landed on the cart. This was established experimentally and confirmed by calculations. We believe that by performing this exercise our students gained a deeper understanding of kinematics. They could also get some feeling of "the unreasonable effectiveness of mathematics in the natural sciences, " 5 as E. P. Wigner put it, and the amazing correspondence between the "real" and mathematical world.
